Abstract-This paper describes a fuzzy control system for the avoidance of moving objects by a robot. The objects move with no type of restriction, varying their velocity and making turns. Due to the complex nature of this movement, it is necessary to realize temporal reasoning with the aim of estimating the trend of the moving object. A new paradigm of fuzzy temporal reasoning, which we call fuzzy temporal rules (FTRs), is used for this control task. The control system has over 117 rules, which reflects the complexity of the problem to be tackled. The controller has been subjected to an exhaustive validation process and examples are shown of the results obtained.
I. INTRODUCTION
One of the principal fields of research in robotics is the development of techniques for the guidance of autonomous robots. There are many complex problems in this field, mainly due to the nature of the real world (environments which are difficult to model) and the great uncertainty in these environments: the knowledge about an environment is often incomplete, uncertain and approximated, the information usually supplied by the robot sensors is limited and not totally reliable and the environment in which the robot is located usually has a dynamism which cannot be predicted. For all these reasons, fuzzy logic is a useful tool in the field of robotics [1] , as has also been demonstrated in numerous studies carried out for guidance in real environments [2] , [3] , obstacle avoidance [4] , route planning [5] , etc.
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A number of approaches for tackling the problem of robot navigation in the presence of a moving obstacle have been presented. Some studies deal with estimating the moving object's future positions using either an autoregressive model [6] or neural networks [7] . Reference [8] describes a method based on attractive and repulsive forces. On the other hand, in [9] , an approach based on the concept of a collision cone is presented. In [10] , a system for the monitoring of trajectories to be followed is described. The trajectories of the robot as well as of the moving objects are made up of linear segments along which they move at a constant speed. In [11] and [12] , the avoidance of a moving obstacle is solved in a geometrical manner. Finally, in [13] and [14] the avoidance of moving obstacles is done using a fuzzy control system.
With respect to these solutions, a number of aspects should be pointed out. First, the fact that in some approaches the moving objects have restrictions in their movements. On the other hand, a robot usually acts according to the position of the moving object in the immediate past. In certain cases, this may lead to carrying out precipitated and inadequate actions. For instance, given two identical situations at present time, if one of them has been produced due to a hard brake of the moving object and the other one due to an acceleration of this object, they should be solved in a different way, although at present time both situations may look exactly the same.
Our approach to the problem aims to solve this by taking into account the history of more or less recent values of determined variables, which enable us to reflect the different scenarios through which the obstacle has been passing and, thus, verify what its trend is. In this way, one can deduce what the behavior of the robot should be, and take corresponding actions (modification of its speed and/or turning the robot) in order to obtain a behavior pattern in tune with the recent situations. This system is robust in its working, as it permits the avoidance of collisions even when the moving object behaves in a totally unexpected manner. The need to evaluate past situations and previous values of the variables (which in many cases are fuzzy) and principally, to reason them out, has led us to incorporate a temporal reasoning model which we call fuzzy temporal rules (FTRs). The use of conventional fuzzy rules would not permit the direct treatment of this knowledge, since use of average values of variables, would not reflect sharp variations of a variable in a cycle, or it would take a long time to detect a gentle and constant change in a variable. Use of derivatives of variables is even less valid, since it does not permit reasoning with values from the past. This paper describes a knowledge-based control system for the avoidance of a free-moving mobile object by a robot [16] in a limited environment. 1 The moving objects move varying their speed or turning with no restriction. The system operates in real time (sending the robot three orders/s), it is robust, it enables the robot to operate with imprecise knowledge and takes into account the physical limitations of the environment in which the robot moves, obtaining satisfactory responses for a large number of different situations analyzed by means of the simulation software.
In the following section the problem is posed. In Section III the control system is described in detail, along with the presentation of the temporal reasoning model that is used. Section IV analyzes the results obtained for the simulations carried out and conclusions are given in Section V.
II. POSING OF THE PROBLEM
As has already been mentioned, the movement of a robot in a dynamic environment is an extraordinarily complex problem. Besides avoiding the collision with the moving object, the robot must move in an environment that may have fixed obstacles (walls, etc.) which are restrictions on the movement to be carried out in order to avoid the moving object. To this, one has to add the restrictions imposed by the characteristics of the robot, such as the turn velocity, the linear acceleration, or the range of the sensors.
Let 0 ! v robot be the velocity of the robot, 0 ! v obstacle the velocity of the moving object (calculated by simple kinematics based on the positional coordinates in two successive instants i and i + 1), R robot the radius of the robot, and R obstacle the radius of the moving object [it is supposed that both the robot and the moving object are circular, which does not lead to a loss in generality- Fig. 1(a) ]. In order to be able to determine in a simpler manner the existence or not of a collision and where it will take place, we carry out a problem transformation [17] , which enables us to pass from solving a cinematic problem between two nonpunctual objects to an equivalent static problem. In the equivalent transformed problem [ Fig. 1(b) ] the velocity of the moving object is null and its size is R = R robot + R obstacle + R security (1) and the robot is a punctual object with the velocity 0 ! v = 0 ! v robot 0 0 ! v obstacle : (2) Rsecurity is the minimum distance to which the robot is permitted to approach the moving object, and this is established with the aim of maintaining a safety margin which, in any case, avoids the real collision between the object and the robot. Thus the collision test is reduced to verifying the intersection between the straight line that is given by the velocity of the robot relative to the moving object and the circumference that represents the moving object. In the case under study, it has been assumed that both the robot and the moving object have the same radius (approximately 25 cm), and the diameter of the robot was taken as the security radius, due to which R = 4 2 R robot (R = 1 m).
Parameter noncollision index (nci) is defined in this equivalent transformed problem for constantly evaluating the proximity of the current situation with respect to the collision situation 2 
where, as can be seen in Fig. 2 , do is the distance between the robot and the moving object and d c is the distance between the moving object and the point with coordinates (x c ; y c ).
The angle is formed by the line that joins the robot and the moving object (straight line do) with 0 ! v , and increases in a clockwise manner.
Angle is the one formed by the straight line that is tangential to the circle with radius R and straight line do. the nci indicate that the robot is going to collide on its LHS with the moving object (0 < nci 1) , or that it is going to pass before the moving object (nci > 1), while negative index values reflect a collision on the RHS of the robot (01 nci < 0) or that the robot has let the moving object pass by (nci < 01).
The coordinates of the collision point (x col ; y col ) are given by the point at which the line 0 ! v intersects with the circle that represents the moving object (Fig. 2) , where d col is the distance that separates the robot from this collision point. The robot will be at this point at the end of a certain time (collision time) if the velocities of either the robot and the obstacle are not altered (in module and direction). In this situation the robot will actually be at a distance Rsecurity from the moving object.
Variations in the value of nci and its temporal evaluation are of great interest for characterizing the dynamic behavior of the obstacle. Thus for merely illustrative purposes, the nci value may increase, due, in general, to the following four causes (Fig. 3) .
1) An increase in the robot's velocity.
2) A decrease in the obstacle's velocity.
3) The robot turning to its right.
4) The obstacle turning to its right. In the same manner, a decrease in the nci may be due to the following. 1) A decrease in the robot's velocity.
2) An increase in the obstacle's velocity.
3) The robot turning to its left.
4) The obstacle turning to its left. This variable is also used as a basis for the calculation of new parameters related with the evolution of the moving object and/or the robot, since any change in the behavior of either of them will be clearly reflected.
Having presented the problem, we now describe the intelligent control system. Here the knowledge that is necessary, based on current and past values of the variables, is gathered in order to supply the control orders that are needed to avoid the collision. An aspect that is particularly interesting in this point is the previously mentioned necessity to implement temporal reasoning on the evolution of the nci. By analyzing the past and present values of this variable, the current trend of the moving object can be deduced in an intuitive manner. As an example, if an increase in the nci had been produced, however in the last few moments there is a decrease, it is understood that the previous trend of the moving object to let the robot pass has changed, and has become that of passing first. In real situations, it will be necessary to distinguish between true changes in trend as opposed to sporadic movements of the obstacle, a motive due to which, in order to evaluate a situation as being changing, a certain persistence or temporal maintenance is required in the new values of the nci. This need to bring temporal intervals into play and to analyze their occurrence in the values of the variables does not correspond directly with the usual structure of fuzzy control systems, with regards to both knowledge representational aspects as well as reasoning aspects. Due to this we have used the FTR's model [18] , which is briefly described in Section III.
III. DESCRIPTION OF THE CONTROL SYSTEM
In this section, each one of the fuzzy knowledge bases (FKBs) that make up the system as well as the FTRs model will be analyzed. The aim of the control system is to obtain those control variables that are sent to the robot with each order: its angular velocity and its linear acceleration. In order to do this a series of steps are followed which initially deal with estimating which maneuver the moving object is intending to carry out (its trend), and going on to select the type of behavior that the robot will require faced with this situation, and lastly to implement this behavior in the optimum manner (i.e., to obtain the most adequate values for the angular velocity and the linear acceleration).
The FKB has been modularized into three blocks in order to, first, achieve greater ease in the tuning of the knowledge base, that is made up by 117 rules. Another great advantage is that the different blocks have a high degree of independence amongst themselves, hence modifications in one block do not influence the other blocks.
In order of execution (Fig. 4) , the modules making up the knowledge base are the following.
1) Obstacle Course Evaluation Module: Its aim is to verify what movement strategy the obstacle is following (if it allows the robot to pass, if it wants to pass, or if it is not aware of the robot). 2) Behavior Selection Module:
The aim of this block is to decide on the optimum behavior that the robot should follow in light of the trend of the moving object. 3) Behavior Implementation Module: This final module aims to obtain the angular velocity and linear acceleration with which the robot is going to most suitably implement the desired behavior for the current situation.
A. Temporal Reasoning: Fuzzy Temporal Rules (FTRs) Model
In the majority of fuzzy control applications, knowledge is modeled by atemporal FKBs, in which the temporal dynamics of the processes are not taken into account, except in certain cases by means of variables defined for the purpose ("increase in velocity," "accumulated error," etc.). In many real-time applications like this one, that supposes a strong restriction on the possibilities of reasoning on the dynamics of the system and, in consequence, conventional fuzzy control is not a valid approach.
Due to the structure of the knowledge that is being modeled, in this application the model described in [18] has been used. The formulation for the propositions is Syntactic constructions "in Q of T " may exhibit well differentiated semantics when T represents a fuzzy temporal interval. The calculation of the degree of fulfillment (DOF) for a proposition like (4) is accomplished in that case by taking into account all the points belonging to the support 3 of T , in the following manner:
•
• Persistence:
• Intermediate Case:
where A membership function associated to the value A of the proposition;
X( k ) value observed for the variable X in the instant k ;
T membership function of the temporal reference;
Q membership function associated with the linguistic quantifier Q. In Fig. 5 some definitions of the membership functions Q associated to the temporal persistence quantifiers used in the application are represented. The operators^and _ are the t-norm minimum and the t-conorm maximum, respectively, and in all of the cases, lower importance is given to the time points outside the kernel of T . Fig. 6 shows an example of the calculation of the DOF for the proposition "velocity is high throughout the last seconds." The process is as follows. First, the membership degree of the variable velocity to the linguistic label high for each instant k is calculated. Thus, five membership degrees are obtained, one for each temporal instant belonging to the support of T . Next, and given that the proposition is of a persistent type ("throughout"), (6) is applied, which, in the example given, leads to a result of 0.5, which corresponds to the value measured at the temporal point now 0 41.
B. Obstacle Course Evaluation Module
The objective of this module is the estimation of the obstacle's movement tendencies, i.e., to attempt to characterize which is the dynamic scenario in which the robot is placed. Evaluating this situation, the robot will assume that the object that interferes with its trajectory is either trying to pass before it or is letting it pass. In other cases it will 3 The support SUP P of a membership function defined in a universe of discourse U is defined as SUP P = fu 2 U= (u) > 0g. Variable collision time (t col ) estimates the time available before the robot enters into the obstacle's security radius: a low collision time will suggest a sharp reaction on the part of the robot with the aim of avoiding a collision which seems imminent, while a high collision time enables it to observe the situation and act in a more gradual manner.
The variable collision_status_change helps to detect situations in which the robot passes from being in collision in one cycle, to not being so in a later cycle, or vice versa. By knowing the nci values in these two cycles, it is possible to determine whether the moving object wishes to pass first, or is letting the robot pass. The possible values of the collision_status_change variable which are going to be considered in this problem are 1) decrease; 2) neutral; 3) increase.
The nci_trend variable gathers, on the contrary, a more precise evolution of the trend of the moving object, in which successive differences in the nci are evaluated. It is defined as a mean value in order to reduce error due to imprecision
The values that are used for this variable are decreases a lot, decreases, constant, increases, and increases a lot. For this module there is one single output variable, the trend of the moving object. It describes the behavior of the moving object in order to then be able to act accordingly. It is a crisp variable that takes the following values.
• To_give_way: The moving object intends to let the robot pass.
• Indifferent: This trend may be due to two reasons. On one hand, that the moving object is moving in a random manner (braking, accelerating, or turning without there being any continuity in its movement) or because the moving object is not varying its speed (neither in module nor in direction).
• To_pass_in_front: The moving object is attempting to pass first. The meaning of this rule is as follows. In a situation of relative proximity between the obstacle and the robot ("collision_time is short"), it is assumed that the trend of the former is to_pass_in_front if there has recently been at some point a decrease in the collision_status_change, e.g., a change in the nci from very positive and outside collision into being in collision-"collision_status_change has decreased in the_last_2_seconds") and furthermore, even more recently, the nci has been maintained in its value or has decreased ("nci_trend is not_increasing throughout the_last_second"). A strict decrease in the nci is not required, as this decrease has been produced implicitly when the collision_status_change was realized.
In general, if collision_status_change decreases, and the nci decreases or keeps constant, the trend will indicate that the moving object intends to pass (for a to_give_way trend and increase in the nci is required), while if subsequent to the collision_status_change decrease the nci increases, the trend will be indifferent.
Another possible situation is that there has been no collision_status_change. In this case the trend will be to_give_way if the nci increases substantially (for a to_pass_in_front trend a significant decrease in the nci would be required). This increase may be given, for example, by a decrease in the velocity module of the moving object. However, this decrease may take a more gradual form and have practically the same final effect (the braking is not so sharp, thus the moving object will be closer to the robot). It is in order to resolve this type of situation that rules of the following type have been introduced into the knowledge base:
"IF collision_time is medium AND collision_status_change is neutral in the_last_3_seconds AND nci_trend is increasing in_at_least_a_few_points_of the_last_3_seconds THEN obstacle_aim is to_give_way."
In this case the requirement for the increase in the nci is not so strict (in this rule it is only stipulated that the nci should increase) due to which the change in the index may be lower, but in this rule the increase is needed in_at_least_a_few_points_of the interval the_last_three_seconds ("a few" here represents approximately 30%).
C. Behavior Selection Module
The objective of this block is to fix the type of behavior that should be adopted by the robot, once considered the trend given by the current situation of the moving obstacle. The input variables of this module are collision time, trend, and limit_situation.
Limit_situation is a crisp variable that indicates when the robot is in an extreme situation in which it will attempt to leave the trajectory of the moving object as quickly as possible. The conditions for the robot to be in a limit_situation are, first, to be in the trajectory of the moving object, 4 and second that the incidence of the moving obstacle is extremely frontal or extremely rear.
There are a good number of possible behavior patterns. Moreover, given two equal behavior patterns, they do not necessarily have to be implemented in the same manner, rather this realization of behavior depends on a series of variables and it is the task that is accomplished by the behavior implementation module. The types of behavior that exist and the general description of their implementation are now given in the following.
• To_give_way: In this behavior pattern, the robot lets the moving object pass by, and it does so braking and sometimes turning.
• Observe: In this situation, the robot maintains its velocity (in module and direction). This is normally due to the trend of the moving object not being clear.
• To_pass_in_front: Here, the robot attempts to pass before the moving object by turning and accelerating. An example rule of this knowledge base is the following. "IF collision_time is high AND the obstacle's trend is to_give_way THEN the robot's behavior is to_pass_in_front."
For obtaining the behavior in this kind of rule, first, one has to pay attention to the trend. If the trend is to_give_way, as a general norm, the behavior will be to_pass_in_front, while if the trend is to_pass_in_front the behavior will be to_give_way. For an indifferent trend the behavior will be selected taking into account the collision time. For high collision times the robot will act "aggressively," and hence the corresponding behavior will be to_pass_in_front while for low collision times the robot will act in a more conservative manner, realizing a to_give_way behavior. Lastly, for medium collision times, the robot will adopt intermediate tactics, and the behavior pattern will be observe, in which the robot will be waiting for future changes in the trend of the moving object.
Besides these basic behavior patterns, there are other situations in which there is a limit_situation. In those, the trajectories of the robot and of the moving object are fairly parallel and it is essential for the robot to turn in order to move out of the path of the moving object. The behavior patterns for limit_situations are characterized by their aim of leaving the path of the moving object as quickly as possible. In order to do so it will need to accelerate (as braking will not take it out of the moving object's path) and turn sharply.
Sometimes it may occur that collision cannot be avoided with the selected behavior (e.g., when the robot cannot turn, or its speed has reached the maximum limit and cannot be increased). For these cases, the behavior patterns obtained in this block are modified accordingly.
D. Behavior Implementation Module
The aim of this block is to obtain the angular velocity and the linear acceleration, which are the commands that will be sent to the robot. The input variables in this module are collision time, robot's velocity, behavior, deviation, and vertical component index (vci).
The robot travels to its goal along a path. Any turn that lead the robot to that path is assumed as favorable, while a turn that takes it away from this path would be unfavorable. Variable deviation is defined for measuring how favorable a turn in a determined direction is for the robot. It may take the following values: negative, null, and positive.
Negative deviations describe favorable turns that will approach the robot to the path. Null values will also permit the turn, although this may also suppose moving slightly away from the path while for positive ones the turn will only be implemented in situations in which it is imperative to avoid a collision.
The sign of the deviation is selected taking into account the following. If the robot is moving toward a point situated to the left of the goal point, any turn to the right will be considered favorable since it will take it toward the goal, while a turn to the left will be considered unfavorable since it will take it away from the goal. The behavior to_pass_in_front will imply a turn to the right, 5 due to which, when the robot is moving toward a point situated to the right of the goal, the turn will not be favorable in this case, and due to this the sign is positive. For the same behavior, if the robot is moving toward the left of the goal, that turn is considered favorable and thus the sign of the deviation is negative (for a to_give_way behavior the sign of deviation will be the opposite).
The vci indicates whether the incidence of the obstacle is frontal, transversal, or from the rear. It is necessary to differentiate between these situations, as the optimal manner of avoiding the collision is different. The vci is derived from the angle formed between the velocity of the robot ( 0 ! v robot ) and the relative velocity between the robot and the moving object ( 0 ! v ). The set of values for the variable is made up of rear, transversal, and frontal.
The angular velocity that is sent to the robot in an order is obtained as Angular velocity = 2 1=3 (9) where one of the fuzzy variables of the consequent part of the rules of this module, represents the quantity of the turn that is going to be realized (very little, a little or quite a lot of turn); 1/3 s is the time between the control orders; maximum number of degrees that it is possible to turn without colliding with the walls. The other output variable, the linear acceleration, is calculated as Linear acceleration = 2 kv objective 0 v now k 1=3 (10) where is the other fuzzy output of the controller, which represents the percentage in which the velocity of the robot is going to vary (reduce very little, reduce a little, reduce quite a lot, reduce a lot, increase very little, increase a little, increase quite a lot and increase a lot), v now (cm/s) is the current robot's velocity, v objective (cm/s) is the velocity that is desired to reach, and 1/3 is the time between two consecutive cycles. The objective velocity may take only two values: v objective = 0 when the aim is to make the robot brake ( < 0) or v objective = 61 cm/s (maximum attainable robot's velocity) when > 0 and the robot accelerates.
The rules in this block (a total of 72) can be grouped according to the behavior (to_pass_in_front, to_give_way, and limit_situation) and the incidence (rear, transversal, and frontal). Thus, a rule for a to_pass_in_front behavior and transversal incidence could be the following.
"IF the robot's behavior is to_pass_in_front AND the collision time is medium AND the robot's velocity is medium AND the deviation is null AND the incidence is transversal THEN increase velocity quite a lot AND turn a little."
The three variables that are going to introduce modifications to the implementation of behavior are the collision time, the robot's velocity and the deviation. For high collision times, the reactions should be gentle (light turns and accelerations) while for low collision times the system usually applies maximum turn and acceleration with the aim of avoiding collision. In general, in the behavior implementations the aim is to avoid turns (in order to not move away from the trajectory that the robot was following) except when these are favorable (negative deviations). For low collision times, this is not fulfilled (there is no other solution for avoiding the collision), and for positive deviations there will be a turn, although less than those implemented for negative or null deviations.
IV. ANALYSIS AND DISCUSSION OF RESULTS
The system has been subjected to a large number of simulations with the aim of verifying its validity and effectiveness. These tests have in- cluded the whole range of possible velocities, both for the robot and the moving object, as well as different angles of incidence (frontal, rear, left transversal, right transversal, etc.) as shown in Fig. 7 .
Furthermore, with the objective of making the simulations as realistic as possible, the tests were carried out with randomly introduced noise in the position of the moving object received by the robot, in an attempt to simulate the imprecision of the robot's real ultrasound sensors. This noise is a function of the distance between the robot and the moving object (the greater the distance the higher the noise) and tests were carried out for a maximum percentage of 10% error.
The examples are given with graphical representations in which the trajectories of the moving object and the robot are described. Those of the former were chosen in order to show a selection of changes in module and direction of the velocity that face the robot with varied scenarios. A high concentration of marks indicates a lower velocity (of the obstacle or of the robot) whilst a low concentration is a reflection of a greater velocity.
In the first example (Fig. 8) , the initial state is one in which the robot finds itself in a state of collision. Up until this moment, the trend detected by the obstacle course evaluation module was indifferent, since the nci had not varied.
At point A, there is an increase in the velocity of the moving object of approximately 25% (speed increases from 25 to 31 cm/s). Immediately the following rule is triggered:
"IF collision_time is medium AND collision_status_change is neutral in the_last_3_seconds AND nci_trend is decreasing_a_lot in the_last_3_seconds THEN obstacle_aim is to_pass_in_front."
As the original situation was one of collision, there is no collision_status_change, but due to the acceleration of the obstacle, there is a decrease in the nci ("nci_trend is decreasing_a_lot"). Thus the trend will be that the moving object wants to pass first. Faced with this trend, the robot implements to_give_way behavior, which is reflected in a slight deceleration and a turn toward the left. In the two following cycles the same situation is repeated, the robot finally managing to avert the collision situation. In order to do so, the robot has had to turn and vary its velocity from 25 to 19 cm/s. At point B, the robot is in a situation in which there is no danger of a collision. At this instant, the moving object significantly reduces its speed (from 31 to 8 cm/s). Due to the deceleration, the nci has increased and the robot has passed from a situation in which there is no collision to one in which collision is possible. The trend that is determined in this situation for the moving obstacle is that it is now giving way to the robot, since there has been a collision_status_change (it has passed into a collision situation) and furthermore, the nci in the last second has increased or been constant. With the aim of avoiding the collision the robot selects to_pass_in_front behavior. This behavior pattern is implemented by accelerating quite a lot and turning a little toward the right (since the collision time is medium). In the three following cycles the situation is analogous but with low collision time, due to which robot accelerates and makes a right turn with greater intensity, thus succeeding in avoiding the collision, having increased its velocity from 19 to 50 cm/s.
In the second example the moving object moves toward the robot in a zigzag fashion. The moving object uses the whole width of the environment, and furthermore its linear velocity is 61 cm/s (which is the maximum speed that can be obtained by the robot). Thus, in this situation we are faced with a critical situation for the robot, as it will not be sufficient to vary its velocity, rather it will have to choose its trajectory with the utmost care. Moreover, the robot is working with an untrue position of the moving obstacle, due to the noise introduced into the system (because of the imprecision of the ultrasound sensors). Fig. 9 shows the actual trajectory of the moving object and the one that is handled by the robot due to the random noise introduced.
A simulation of this example is shown in Fig. 10 . It can be seen how, due to the turns that it makes, the moving object's incidence changes. Once the robot has located the moving object (point A), it detects that the nci decreases sharply and thus the obstacle course evaluation module indicates that the moving object is attempting to pass first (this is due to the incidence being from the left, and the turn that the moving object is making is toward its left). With this trend the behavior that is decided for the robot is to_give_way, however, given that the robot is within the trajectory of the moving object, and in the previous cycles the behavior of the robot was observe (since it was not in a collision situation), the selected behavior is changed to to_pass_in_front.
The command that is sent to the robot (various rules contribute to the implementation of this behavior) implies a turn to the right (the robot attempts to pass first, and the incidence is from the left) and an acceleration, both with the maximum intensity possible. In the second cycle the same situation is repeated, although the collision time is now extremely low. The situation changes in the following cycle, since due to the moving object's turn, the robot leaves its path and thus the selected behavior is now to_give_way. For transversal incidence and low collision time, maximum deceleration is applied to the robot for three cycles (at this moment the moving object has stopped turning) succeeding in avoiding the collision, even when in order to do so the robot has had to come to a halt (point B).
When the moving object reaches the RHS of the environment (point C) it turns and starts to approach the robot once again, which is now stationary. The situation is now one of incidence from the right, and as the moving object is turning to its right the obstacle course evaluation module interprets that the object wants to pass. Due to this change in the incidence, which is now from the right, it is necessary to transform the problem to an equivalent one, but with incidence from the left.
Although the object is attempting to pass, as the robot is faced with a limit situation, the behavior that is chosen is limit_situation. This behavior pattern produces a turn to the left, since greater margin to avoid collision exists at this side. The implementation will be a sharp acceleration and a pronounced turn to the left which will be maintained until the robot leaves the collision situation three cycles later.
In spite of the moving object's behavior being so random in this example, with unexpected turns made at high speed, the control system succeeds in avoiding the collision.
V. CONCLUSION
A fuzzy temporal control system for the guidance of a robot in simulated dynamic environments has been described in this paper. The moving object approaching the robot is not subjected to any type of restriction in its movements, being able to vary its velocity and direction at any moment.
One of the three blocks in which the FKB has been divided has been modeled by means of fuzzy temporal rules (FTRs) with the aim of being able to explicitly handle a history of recent values for correctly estimating the trend of the moving object. The FTRs' model has been an essential tool for an accurate evaluation of sudden and/or multiple changes in the trend of the mobile object.
An exhaustive process of validation has been made, through simulations in which all type of tests in the most varied conditions of velocity and incidence angles, even for complicated trajectories, have been done. For all of them adequate behaviors on the part of the robot were obtained, even when confronted with sudden changes in the trajectory and velocity of the moving object.
The implementation of the controller is robust, has a low execution time, which is essential in a real-time application like this one, and allows an easy design and tuning of the knowledge base.
